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Spectra of magnetoplasma excitations have been investigated in a two-dimensional electron sys-
tems in AlAs quantum wells (QWs) of different widths. The magnetoplasma spectrum have been
found to change profoundly when the quantum well width became thinner than 5.5 nm, indicating a
drastic change in the conduction electron energy spectrum. The transformation can be interpreted
in terms of transition from the in-plane strongly anisotropic Xx −Xy valley occupation to the out-
of-plane isotropic Xz valley in the QW plane. Strong enhancement of the cyclotron effective mass
over the band value in narrow AlAs QWs is reported.
Studies of plasma excitations play an increasingly im-
portant role in modern research on the electrodynamics
of two-dimensional electron systems (2DESs) [1]. Plasma
excitations are usually studied in GaAs/AlGaAs het-
erostructures with a single-valley isotropic 2DES con-
fined to a GaAs layer [2–4]. Continuous developments
in the molecular beam epitaxy and heterostructure de-
sign have led to creation of a new class of high-quality
2DESs confined to AlAs quantum wells (QWs) [6, 7]. The
AlAs QWs provide an important research opportunity by
combining a strong native 2D electrons mass anisotropy
with the ability to tune valley occupations [6]. Despite
these unique properties, the plasmon phenomena in AlAs
2DESs have remained largely unexplored.
Bulk AlAs is an indirect band semiconductor with en-
ergy minima at the six equivalent X-points of the Bril-
louin zone. These valleys are commonly referred to as Xx
valley for the [100] direction, Xy valley for the [010] di-
rection, and Xz valley for the [001] direction. The Fermi
surfaces at these X minima are strongly anisotropic
in k-space and are described by different longitudinal
(ml = 1.1m0) and transverse (mtr = 0.2m0) effective
masses, in contrast to the much lighter and isotropic mass
(m∗ = 0.067m0) of electrons in GaAs [8]. The Lande g-
factor of electrons in bulk AlAs (g∗ = 2) [9, 10] is also
much larger in magnitude and of a different sign than
in GaAs (g∗ = −0.44) [11–13]. In wide AlAs quantum
wells with a width of more than W = 5.5 nm grown on
GaAs (001) substrates, the electrons fill only the Xx [100]
and Xy [010] valleys in the quantum well plane with a
strongly anisotropic Fermi contour. This is due to the
biaxial compression of the AlAs layer which arises as a
result of the difference in the lattice constants of AlAs
and AlGaAs forming the heterointerface. Instead, elec-
trons confined in narrow (W < 5.5 nm) AlAs quantum
wells occupy a single out-of-plane Xz conduction-band
valley which is isotropic in the QW plane [14]. In previ-
ous experiments, the Γ−X energy spectrum transition in
narrowAlAs QWs was detected by a drastic change in the
effective masses measured via the indirect temperature-
dependent magnetotransport method [15–18].
In contrast, the most direct and precise method to
characterize the Fermi surface of semiconductors — mi-
crowave magnetospectroscopy — has never been applied
to explore narrow AlAs quantum wells [19]. Although
the first experiments on 2DES in wide AlAs quantum
wells of 15 nm width revealed a number of unique fea-
tures in the spectrum of magnetoplasma excitations, in
particular, discovery of a gap in the spectrum of plasma
excitations in perfectly symmetric circular samples and
nontrivial modification of the plasmon spectrum upon
redistribution of charge carriers between different AlAs
valleys [20–22]. In this work, we have performed pre-
cise microwave magnetospetroscopy measurements on a
set of narrow AlAs quatum wells of different widths. We
have identified a Γ − X energy spectrum transition for
QWs thinner than 5.5 nm. Most importantly, our high-
precision measurements have revealed a strong enhance-
ment of 2D electrons cyclotron effective mass compared
to the bare bulk values.
The present work is devoted to an experimental
study of 2D magnetoplasma excitations in high-quality
AlAs/AlxGa1−xAs (x = 0.46) quantum wells. The mi-
crowave experiments were carried out on AlAs/AlGaAs
heterostructures containing W = 4.5 nm, 5.5 nm, or
7.0 nm wide QWs. The heterostructures were grown via
molecular beam epitaxy along the [001] direction on an
undoped GaAs substrate. The electron density ns and
2FIG. 1: (a) Magnetic-field dependencies of the microwave-
induced part of longitudinal resistance ∆Rxx at different mi-
crowave frequencies for the sample with QW width W =
4.5 nm (ns = 4.6 × 10
11 cm−2). The signal levels without
microwaves are denoted by straight lines. The inset shows
comparison of ∆Rxx measured at the same microwave fre-
quency f = 170 GHz for QWs of widths W = 4.5 nm and
W = 7.0 nm. The magnetoplasmon resonance demonstrates
a drastic shift in the magnetic field.
electron transport mobility µ at a temperature T = 1.5 K
were in the range of 3.5 × 1011 − 7.0 × 1011 cm−2 and
11× 103 − 34× 103 cm2/V · s, respectively. The electron
density variation was achieved by a short illumination.
The sample was patterned into a Hall bar with a width
of L = 0.1 mm and a total length of 2.4 mm (see Fig. 1
for a schematic drawing). The distance between adjacent
potential probes was 1.0 mm. The experimental method
was based on strong sensitivity of the longitudinal mag-
netoresistance ρxx(B) to the 2DES heating due to res-
onant microwave absorption when the magnetoplasmon
was excited. The measurements were carried out using a
double lock-in technique [23]. A sinusoidal probe current
of 1 µA at a frequency of ∼ 1 kHz was driven from a
source to a drain contact. The Hall bar was irradiated
with amplitude-modulated (fmod = 31 Hz) microwaves
in the frequency range of f = 60 − 270 GHz. The first
lock-in amplifier detected 2DES resistance Rxx between
two probe contacts along the Hall bar body. In addition,
the microwave-induced part of the longitudinal magne-
FIG. 2: Dispersions of two-dimensional magnetoplasma ex-
citations in AlAs quantum wells of width W = 4.5 nm (red
circles) and W = 7.0 nm (blue squares). The electron den-
sity is ns = 4.6 × 10
11 cm−2. Solid curves mark cyclotron
frequency lines as predicted by Eq. (1). 2D Fermi contours
for Xz and Xx−Xy valley occupations are schematically pre-
sented as insets.
toresistance ∆Rxx was recorded by a second lock-in con-
nected to the output of the first one. A peak in the
∆Rxx(B) magnetic-field dependence was observed when-
ever a plasmon was excited in the sample. The sample
was placed in the Faraday configuration near the end of
a microwave waveguide with a rectangular cross-section
of 7.0×3.5 mm2 (WR 28). The experiments were carried
out at a sample temperature of T = (1.5− 4.2) K.
In Fig. 1 we present the typical dependencies of the
microwave-induced part of longitudinal resistance ∆Rxx
on the magnetic field B at various irradiation frequen-
cies f = 60 GHz, 170 GHz and 255 GHz. The data were
obtained on a sample with density ns = 4.6× 1011 cm−2
and QW width W = 4.5 nm. Each curve demonstrates
a well-defined resonance. The resonant absorption was
observed for both signs of the magnetic field. As the
microwave frequency f is raised, the resonance shifts to
higher magnetic field values and corresponds to the trans-
verse magnetoplasma mode. The inset in Fig. 1 shows
comparison of ∆Rxx measured at the same microwave
frequency f = 170 GHz for QWs of widths W = 4.5 nm
and 7.0 nm. Despite the fact that the electron density in
the two structures under study is almost identical, there
is a drastic change in the resonance magnetic field posi-
tion, which suggests that the plasma dynamics undergoes
a qualitative modification when the QWwidth is changed
from 4.5 nm to 7.0 nm.
In order to gain further insight into the nature of this
phenomenon, the experiments of Fig. 1 were repeated
for a wide range of frequencies. Figure 2 shows mag-
netic field values at which the magnetoplasmon reso-
nance occurs as a function of the microwave frequency
3FIG. 3: (a) Frequencies of magnetoplasma resonance versus
perpendicular magnetic field. The sample electron density is
ns = 7.0 × 10
11 cm−2, the QW width is W = 5.5 nm. Data
points describe the cyclotron magnetoplasma mode. Solid
curve is the theoretical prediction from Eq. (1). (b) Magne-
todispersion of the plasmon mode in the f2(B2) axes. (c)
The electron effective mass mc as a function of the electron
density.
f . The measurements were performed for two samples
with AlAs QWs widths of W = 4.5 nm (red dots) and
7.5 nm (blue squares) which had an identical electron
density of ns = 4.6× 1011 cm−2. The resonances in both
samples closely follow the cyclotron resonance (CR) line
ωc = eB/mc with a minor deviation from linearity in
the low-frequency region due to a plasma depolarization
effect. The collective magnetoplasma mode frequency is
described by the equation [24]
ω2 = ω2p + ω
2
c , (1)
where ωc = eB/mc is the cyclotron frequency and ωp
is the dimensional plasmon frequency. The cyclotron
mass mc strongly depends on the 2DES valley occu-
pation. If Xx or Xy in-plane valley is occupied, the
Fermi contour of the 2D conduction electrons represents
an ellipsoid with two effective masses along the main
in-plane crystallographic directions ml = 1.1m0 and
mtr = 0.2m0. Hence, the cyclotron mass of anisotropic
2D electrons is determined as a geometric mean of ef-
fective masses, mc =
√
mlmtr = 0.47m0. In contrast,
if the 2D electrons occupy the out-of-plane Xz valley,
their Fermi contour is reduced to a circle in the QW
plane. Thus, the cyclotron mass mc simply coincides
with the value m = mtr = 0.2m0. Fitting Eq. (1) to
the experimental data gives the following values of the
cyclotron mass mc(W = 4.5 nm) = (0.27± 0.01)m0, and
mc(W = 7.0 nm) = (0.51±0.01)m0. The cyclotron mass
obtained for the AlAs QW of widthW = 7.0 nm is almost
equal to the value 0.47m0 characteristic of the in-plane
strongly anisotropic Xx −Xy valley occupation (see the
inset in Fig. 1). In its turn, the cyclotron mass mea-
sured in AlAs QW of width W = 4.5 nm is close to the
conduction band value mtr = 0.2m0, indicating a sin-
gle out-of-plane isotropic Xz valley occupation [14–17].
The Γ −X energy spectrum transition observed resides
on a unique physical property of narrow AlAs quantum
wells. In thin QWs the energy of spatial quantization
dominates over the strain energy, and the electrons tend
to fill the valley with the lowest level of spatial quantiza-
tion, namely, the out-of-plane Xz valley with the largest
effective mass in the growth direction [001]. For larger
W , the lattice mismatch between AlAs and GaAs leads
to such strong biaxial compression of the AlAs layer that
the electrons start to occupy only the in-plane Xx and
Xy valleys.
Note that the obtained value of the Xz valley isotropic
mass m(W = 4.5 nm) = 0.27m0 is well above the tab-
ulated AlAs band value of mtr = 0.2m0 [8]. The same
bizarre result was obtained in a number of independent
transport experiments [15–18]. To unveil the origin of
this discrepancy, we continued our research on the struc-
ture with a QW width of W = 5.5 nm at different
electron densities. Fig. 3(a) shows the magnetodisper-
sion of the cyclotron magnetoplasma mode excited across
the Hall bar with a width of L = 0.1 mm. The data
were obtained at an electron density of 7.0× 1011 cm−2.
When fitting the magnetic-field dependence described by
Eq. (1) to the experimental data (solid curve in Fig. 3(a)),
the mode extrapolates to the following zero-field plasma
frequency fp = ωp/2pi = 53 GHz, and cyclotron mass
mc = (0.28 ± 0.01)m0 (Fig. 3(b)). The cyclotron mass
value indicates that the isotropic Xz valley is still occu-
pied for the 5.5 nm AlAs quantum wells. Here, we have
an opportunity to compare the effective electron mass
obtained from a zero-field plasma frequency and a cy-
clotron mass. Indeed, the plasmon frequency at B = 0 T
is described by [25]
ωp =
√
nse2
2mpε0ε∗
q, (2)
where ε∗ = (εGaAs + 1)/2 is the effective dielectric per-
mittivity of the surrounding medium, and q is a plas-
mon wave vector. For a narrow 2DES strip of width L,
4the plasmon wave vector can be approximately described
by q = piN/L (N = 1, 2, . . .). More accurate calcula-
tions of the zero field plasma frequency give 0.85ωp [26].
Taking the plasmon frequency as fp = (53 ± 3) GHz
Eq. (2) yields the following value of the plasmon mass
mp = (0.33 ± 0.04)m0. Both the cyclotron mc and the
plasmon mp masses significantly exceed the AlAs band
value of mtr = 0.2m0.
To further explore the nature of the phenomenon dis-
covered, we performed the experiment of Fig. 3(a) for a
set of 2D electron densities ns = 3.0×1011, 4.6×1011, and
7.0 × 1011 cm−2 (W = 5.5 nm). For more f2 versus B2
data at different electron density levels we refer to Fig. S1
in the Supplemental Material I [27]. The electron den-
sity was varied by briefly illuminating the sample with
a light emitting diode. The experimental dependence
of the electron effective mass on the electron density is
shown in Fig. 3(c). The main result is that the cyclotron
mass is almost independent of the 2D density ns. This
finding excludes non-parabolicity and retardation effects
as a possible reason for the mass increase [4, 28]. For the
detailed analysis of the non-parabolicity effect we refer to
Supplemental Material II [27]. The phenomenon discov-
ered is of great physical significance, and will be a focus
of our future research. We can speculate that Coulomb
correlations may play an important role for mass renor-
malization in narrow QWs [18, 29]. We cannot forget,
however, the Kohn theorem, which states that the cy-
clotron effective mass should be independent of the short-
range interaction [30, 31]. Also, the AlGaAs barrier band
structure may have an effect on the 2D electrons effec-
tive mass in the quantum well. More experiments are
certainly imperative in order to be able to choose the
right hypotheses.
In summary, we have performed highly accurate
magnetospectroscopy experiments on AlAs/AlxGa1−xAs
(x = 0.46) quantum wells of different widths from 4.5 nm
to 7.0 nm. The cyclotron mass analysis has revealed a
Γ−X energy spectrum transition in AlAs quantum wells
thinner than 5.5 nm. Remarkably, we have observed a
strong enhancement of the cyclotron effective mass over
the band value in narrow AlAs quantum wells. Addi-
tional experiments have ruled out non-parabolicity and
retardation effects as a possible reason for the mass in-
crease.
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I. DEPENDENCE OF ELECTRON EFFECTIVE MASS ON ELECTRON DENSITY
In order to explore the nature of the effective mass increase, we performed the experiment on the structure with a
QW width ofW = 5.5 nm at different electron densities. The effective mass is best identified by plotting the square of
resonant magnetic field versus square of microwave frequencies as shown in Fig. 1. The data were obtained at electron
densities of ns = 3.0× 1011, 4.6× 1011, and 7.0× 1011 cm−2. The electron density was varied by briefly illuminating
the sample with a light emitting diode. The values of effective masses for different 2D densities are collected in the
inset of Fig. 1. According to obtained results, the cyclotron mass mc = (0.28 ± 0.01)m0 was almost independent of
the 2D density ns.
FIG. 1: Square of the magnetoplasma frequency versus square of magnetic field. The sample electron densities are ns =
3.0× 1011, 4.6× 1011, and 7.0× 1011 cm−2
. The inset shows electron effective mass mc as a function of the electron density.
II. ANALYSIS OF THE MASS INCREASE
For polar semiconductors non-parabolicity can lead to modification of the band structure and an increase of the
effective mass due to rise of electron density. In 2DES the experimental dependence of cyclotron effective mass on
electron concentration were observed earlier in AlGaAs/GaAs heterostructures [1]. The energy E in quasi-2DES is
determined by Fermi energy and the spatial quantization Edim.
2The contribution of spatial quantization energy is estimated as
Edim =
pi2h¯2
2m∗W 2
= 11.2meV (1)
where m∗ = 1.1m0 and W = 5.5 nm.
The Fermi energy for dis described by the equation
EF (ns = 3.0× 1011) =
pi2h¯2ns
m∗
= 4.1meV (2)
EF (ns = 7.0× 1011) = 9.7meV (3)
where m∗ = 0.2m0.
Simply add this two parts together we obtain the changing in energy ∆E ≈ 15 − 20meV . According to [2], the
such changing ∆E should lead to effective mass increase ∆m ≈ 0.002m0. This finding excludes nonparabolicity as a
possible reason for the mass increase from m∗ = 0.2m0 to m
∗ = 0.28m0 determined from the experiments.
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